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[1] NOAA advanced very high resolution radiometer data are used to place the SAFARI
2000 and SAFARI 1992 intensive campaigns in the context of the interannual variability
of vegetation conditions in southern Africa. Normalized difference vegetation index
(NDVI) measurements and sea surface temperature (SST) indices of El Niño/Southern
Oscillation (ENSO) are compared and the connections explained. The paper shows the
vegetation evolution for the 2000 growing season, with unprecedented high and persistent
NDVI anomalies associated with a cold phase of ENSO (La Niña) and above average
rainfall between November and May, south of 15�S. In contrast, the 1992 season showed
marked negative NDVI anomalies associated with an extreme drought in the southern part
of the region, associated with the warm phase of ENSO (El Niño). These differences in
NDVI patterns resulted in different patterns of fire distribution. More satellite detections of
active fires were observed in 2000 than in 1992, especially for Botswana, Namibia,
southern Zimbabwe, and southern Mozambique. Comparisons between in situ airborne
measurements collected in 2000 and 1992 require an understanding of the extremely
different vegetation and fire conditions associated with those years. Generalizations from
results of the two SAFARI campaigns should be made with careful consideration of the
extreme differences in conditions and the large interannual variability encountered in
southern Africa, as depicted by the long-term record of satellite vegetation
measurements. INDEX TERMS: 1620 Global Change: Climate dynamics (3309); 1640 Global Change:

Remote sensing; 1812 Hydrology: Drought; 9305 Information Related to Geographic Region: Africa; 4815

Oceanography: Biological and Chemical: Ecosystems, structure and dynamics; KEYWORDS: normalized

difference vegetation index, El Niño, La Niña, fire dynamics, southern Africa, interannual climate dynamics
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1. Introduction

[2] Biomass burning is pervasive in southern Africa and
is a common land management practice and a major
biogeochemical process [Frost, 1998]. Two intensive inter-
national fieldwork campaigns have been undertaken in
southern Africa over the last decade, fostering international
collaborative research to study the interactions between
biomass burning and atmospheric composition. The South-
ern African Regional Science Initiative 2000 (SAFARI
2000) was designed to study linkages between land-atmo-

sphere processes and the relationship of biogenic, pyrogenic
or anthropogenic emissions and consequences of their
deposition to the functioning of the biogeophysical and
biogeochemical systems of southern Africa (H. Annegarn et
al., ‘‘The River of Smoke:’’ Characteristics of the southern
African springtime biomass burning haze, submitted to
Journal of Geophysical Research, 2003). Researchers un-
dertook a number of ground, tower, aircraft and satellite
based measurements of various parameters to achieve these
goals. The program of measurements expanded on the
experience gained and the data collected in SAFARI 1992
campaign [van Wilgen et al., 1997].
[3] Southern Africa experiences considerable interannual

climate variability. An understanding of interannual rainfall
variability and its effect on vegetation dynamics in the
region is required in order to compare different time
measurements and for generalizations to be made from the
research results. SAFARI 2000 was undertaken in an
extremely wet year, which contrasts to the extremely dry
conditions encountered during the SAFARI 1992. In this
study, heritage normalized difference vegetation index
(NDVI) time series data from the National Oceanic and
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Atmospheric Administration (NOAA) advanced very high
resolution radiometer (AVHRR) are used to provide a
description of the patterns of seasonal to interannual varia-
bility for the region, with emphasis on the vegetation
conditions and associated fires for 1992 and 2000.

2. Data and Analysis Methods

[4] The primary data set used in this study is the NDVI.
This index is derived from broadband measurements in the
visible and infrared portions of the electromagnetic spec-
trum made by the NOAA-AVHRR instrument. The index is
calculated as:

NDVI ¼ rnir � rrð Þ= rnir þ rrð Þ; ð1Þ

where rr and rnir are the surface reflectances in the 550–700
nm (visible) and 730–1000 nm (infrared) regions of the
electromagnetic spectrum, respectively.
[5] High values of NDVI (� + 0.6) are representative of

dense green canopies, while low values (�0.1) are indica-
tive of sparse vegetation cover. The index has been found to
provide a strong vegetation signal and good spectral con-
trast from most background materials [Tucker and Sellers,
1986]. Seasonal variations in atmospheric water vapor
[Justice et al., 1991], atmospheric aerosol content [Vermote
et al., 1997] and large areas of bare soil in arid and semiarid
areas may cause significant variations in NDVI not associ-
ated with actual vegetation cover [Huete, 1985]. However,
on an aggregate basis, it has been shown to be a good
indicator of various vegetation parameters, including green
leaf area index (LAI), biomass, percent green cover, green
biomass production and the fraction of absorbed photosyn-
thetically active radiation [Tucker, 1979; Asrar et al., 1984;
Sellers, 1985]. Presented as a time series, the NDVI is a
good indicator of vegetation phenology [Townshend and
Justice, 1985]. A number of studies have shown that
temporal variations in NDVI are associated with the sea-
sonal dynamics of rainfall and evapotranspiration in a wide
range of environmental conditions [Gray and Tapley, 1985;
Justice et al., 1986; Nicholson et al., 1990; Cihlar et al.,
1991] and on global scale with atmospheric CO2 fluxes. The
compilation of more than 20 years of these data has resulted
in more detailed studies of the biosphere-climate coupling.
It is now possible to relate continental to regional-scale land
surface response patterns to global-scale climatic perturba-
tions, such as those forced by the El Niño/Southern Oscil-
lation (ENSO) [Eastman and Fulk, 1993; Myneni et al.,
1996; Anyamba and Eastman, 1996]. In totality, NDVI can
be used as an indicator of the biospheric response to climate
variability at a range of spatial and temporal scales.
[6] Data used in this study were processed by the

GIMMS group at NASA’s Goddard Space Flight Center,
as described by Tucker et al. [1994]. NDVI monthly data at
8 km spatial resolution were generated from 15-day com-
posites using the maximum value compositing procedure to
minimize effects of cloud contamination [Holben, 1986]. In
addition, calibration based on invariant desert targets has
been applied to the data to minimize the effects of sensor
degradation [Los, 1993]. For this study, we subset the
southern Africa region, covering 10�S–35�S, 10�E–40�E
from the continental data set for the period July 1981–

October 2000. From this time series, we created a long-term
NDVI climatology by averaging data for all cloud-free
pixels. We also calculated seasonal averages, long-term
means and anomalies for four seasons defined as: Decem-
ber, January and February (DJF); March, April and May
(MAM); June, July, and August (JJA); September, October
and November (SON), as follows:

NDVIs ¼ NDVIað Þ= NDVIm
� �

� 1
� �

*100
� �

;

where NDVIs are the respective seasonal percent anomalies,
NDVIa are individual season averages values and NDVIm
are long-term means respectively. All averages and
anomalies were calculated taking into account cloud and
other quality control flags. This not only reduced the
amount of data to be analyzed but also provides a clear
picture of the interannual variability between different
seasons for the years examined here.
[7] In addition, we created a combined rainfall data set

for comparison with the NDVI time series data. The
baseline rainfall data set used was extracted from Global
Precipitation Climatology Project (GPCP) version 2 data set
at 2.5� � 2.5� resolution [Huffman et al., 1995]. The NOAA
Climate Prediction Center (CPC) Africa Rainfall Estimate
(RFE) data set version 1.0 and 2.0 for the period 1995–
2001 at 10 � 10 km resolution [Herman et al., 1997]
supplemented this data set. In addition, the NASA/Tropical
Rainfall Measuring Mission (TRMM) 3B43 data set at
1.0� � 1.0� resolution [Adler et al., 2000] was used to fill
missing RFE data for the period 1998–2000. These data
were interpolated to the same 8 km Albers equal area
projection grid for Southern Africa as that of NDVI.
Long-term (1979–2001) and seasonal rainfall amounts were
computed for the study region.
[8] The fire data used in this study was extracted from the

SAFARI 2000 data archives (see http://www.safari2000.
org/). The fire count data were derived from 3.9 mm channel
of the NOAA AVHRR by identifying active fires during the
satellite overpass [Giglio et al., 1999]. Composite monthly
fire count maps were created for the region based on daily
fire counts at 8 km spatial resolution. A summary fire season
map was created to show the geographic distribution of fires
in the Southern Africa region during the study period.
[9] A number of study or ‘‘core’’ sites were used in

SAFARI 2000 as a focus for intensive data collection. Six
of these sites representing a range of vegetation types and
climatic conditions were selected for detailed examination
(Figure 1a, Table 1). For a 100 � 100 km box centered on
each of these locations, we extracted data for the long-term
monthly means, monthly NDVI and anomalies and
corresponding rainfall and fire count data.

3. General Vegetation Patterns and Interannual
Climate Dynamics

[10] Vegetation plays an important role in land-atmo-
sphere interactions. Spatial variations in biomass production
and the distribution and extent of fires have an impact on
the type and amount of fire emissions [Scholes et al., 1996].
Spatial and temporal variations in vegetation biomass are
inherently linked to climate variability over the region. The
general vegetation patterns are represented by the long-term
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Figure 1. (a) Climatological mean NDVI (1982–2000) and (b) annual rainfall (1979–2000) for the
southern Africa region and corresponding spatial patterns of average departure from long-term mean for
(c) NDVI and (d) rainfall expressed as percentage. Locations of SAFARI 2000 sample validation sites are
shown.
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Figure 1. (continued)
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mean NDVI (1982–2000) map in Figure 1a. There is an
east-west and southwest-northeast gradient in vegetation
patterns. NDVI increases eastward from the west and
northeastward from the southwest. These general patterns
are related to the mean annual rainfall (Figure 1b) with areas
in the west, for example in Namibia receiving <200 mm/
year and those to in the east in Mozambique receiving
�700–1200 mm/year. This low rainfall has resulted in
semiarid to desert conditions over much of the western half
of the region, which is dominated by various types of
savanna and open shrub lands. The eastern and northern
parts of the region, which receive higher rainfall, are
covered with more luxuriant miombo woodland formations.
[11] The variation in NDVI and rainfall is represented by

the coefficient of variation expressed as percentage. This
quantity is computed as the annual standard deviation
divided by the long-term annual average for NDVI
(1982–2000) and rainfall (1979–2000) respectively.
[12] The western half of the region, south of 17�S and

west of 24�W exhibits the highest variability in rainfall, on
the order of 20–30% as shown in Figure 1c. The areas to
the north and northeastern parts of the region, which are
much wetter, have lower variability in rainfall on the order
of 10–15%. In contrast, the variation in vegetation as
shown by percent departure in NDVI (Figure 1d) is lower
than that of rainfall. The highest variability in NDVI occurs
in areas south of 17�S, between 10 and 25%. The highest
variation occurs in Botswana and along the northwestern
coast of Namibia, and lowest variation occurs over the
northern half of the region in central Angola, northern
Mozambique and northern Zambia. The central and north-
ern parts of the region are dominated by dense canopy
miombo woodland formations where rainfall is not the main
limiting factor on vegetation growth [Fuller and Prince,
1996; Nicholson et al., 1990]. The general spatial patterns
indicate that the variation in NDVI is approximately half
that of rainfall. There is a close correspondence between
variation in rainfall and NDVI for those areas with annual
mean rainfall <600 mm/year and dominated by open savan-
na grasslands and woodlands.
[13] At the short timescale (2–7 years), the region is

subject to extremes in interannual climate variability asso-
ciated with the El Niño/Southern Oscillation phenomenon
[Janowiak, 1988; Ropelewski and Halpert, 1996; Lindsey,
1988]. This is exemplified by a biennial tendency in rainfall
fluctuations over the region at the short timescale [Nich-
olson and Entekhabi, 1986]. There is a tendency for below

normal rainfall over the southern Africa region during the
mature phase of warm ENSO events (Figure 2b), when the
rainfall belt across the global tropics shifts eastward into
the eastern equatorial tropical Pacific region [Nicholson and
Entekhabi, 1986; Ropelewski and Halpert, 1996]. In gen-
eral, during cold ENSO events, the rainfall belt shifts
westward in the Pacific and correspondingly rainfall is
enhanced over southern Africa. Recent studies indicate that
normalized difference vegetation index (NDVI) data
derived from the AVHRR can be used effectively to study
the vegetation response patterns to this rainfall variability
[Myneni et al., 1996; Anyamba and Eastman, 1996; Ricard
and Poccard, 1998; Anyamba et al., 2001]. Figure 2 shows
NDVI anomaly time series for Skukuza (25.02�S, 31.5�E)
plotted against NINO3.4 SST, a sea surface temperature
(SST) index drawn from the equatorial eastern Pacific
Ocean (5�N–5�S, 170�–120�W) that shows the phase and
magnitude of ENSO events. There is a temporal inverse
relationship between NDVI anomalies and NINO 3.4 SST
patterns (r = 0.31, p < 0.05). During warm events, there is a
tendency for below normal NDVI (1982/1983, 1986/1987,
1994/1995) and above normal NDVI during cold events
(1984/1985, 1988/1989, 1996/1997 and 1999/2000). Some-
times there are exceptions to these relationships, for exam-
ple, the 1997/1998 warm event shows above normal NDVI.
This is partially due to spatial differences in the land surface
response patterns over the region from one ENSO event to
another that may be controlled by regional meteorological
mechanisms [Walker, 1990; Jury et al., 1993; Mason and
Lindesay, 1993; Reason, 2001]. Another interesting charac-
teristic of the rainfall variability is the tendency for above
normal rainfall during the early phase of a developing warm
event and prevalence of drought during the mature phase of
a warm event [see Nicholson and Entekhabi, 1986]. This
pattern is spatially manifested in NDVI anomaly patterns,
with a change from above normal NDVI during Novem-
ber–December to below normal NDVI during January–
March of an ENSO warm event year [Eastman and
Anyamba, 1996]. There is therefore a strong coupling
between ENSO, rainfall variability and interannual vegeta-
tion dynamics of the region. In general, interannual climate
variability in the region has a strong influence on green
biomass production as inferred from satellite vegetation
index measurements with a range of �40 to +40% between
warm and cold events (Figure 2a). However, the spatial
nature of this relationship is quite complex. As shown in
Figure 2b, the strongest spatial correlations between rainfall

Table 1. Location and Dominant Land Cover Types at Sample SAFARI 2000 Sitesa

Site Name
Location, Latitude
and Longitude

Annual
Rainfall, mm

Rainfall
Variation, %

Annual Mean
NDVI

NDVI
Variation, % Dominant Land Cover Type(s)

Etosha National Park,
Namibia

�18.00, 17.00 444 23 0.32 10 mopane woodland, dambo grassland, agriculture

Maun, Botswana �19.83, 23.50 442 26 0.34 12 mopane and acacia woodland, riverine vegetation
Mzola, Zimbabwe �18.33, 27.70 623 20 0.42 8.0 miombo and mopane woodland
Skukuza, Kruger NP,

South Africa
�25.02, 31.50 786 22 0.44 10 combretum savanna and fine-leafed acacia savanna

Mongu, Zambia �15.45, 23.25 810 19 0.44 6 woodland, dambo grassland, agriculture, floodplain
Nampula, Mozambique �15.00, 38.50 1035 21 0.52 5 miombo woodland

aLand cover characterizations based on University of Maryland (UMD) Land Cover Classification for SAFARI 2000 Sites (see http://www.geog.
umd.edu/landcover/cress/s2kchar.htm).
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variability and NINO3.4 SST anomalies are for the eastern
portion of the region below 15�S and east of 22�E. The
relationship weakens northward becoming neutral to inverse
for regions further north in northern Zambia and northeast-
ern Mozambique into East Africa. As will be shown in this
study, field studies during SAFARI 1992 and SAFARI 2000
both took place during periods of extreme variation in the
climate regime with distinctly different vegetation dynamics.

4. Characteristics of Mean Annual NDVI Cycle
at SAFARI 2000 Sites

[14] Figure 3 shows the mean annual cycle of NDVI for
the six selected sites over the region. All the sites exhibit a
unimodal distribution with a summer maximum and a
winter minimum in NDVI. Generally, this annual mean
trace of NDVI corresponds to the evolution of the rainfall
season over the region. Rainfall generally migrates in
concert with the location of the Intertropical Convergence
Zone (ITCZ). The peak NDVI is reached in February–
March for drier areas such as Etosha and Maun (�0.4), in

March–May for wetter areas like Nampula and Mongu
(�0.45–0.55), located further to the north and northeast,
and in January for Skukuza (�0.55) located in the south-
eastern part of the region. The vegetation-growing season is
thus longer as one moves further north and northeast from
the south-southwest. Topographic modifications to the rain-
fall amount and regime favor areas to the east with higher
altitudes trapping and blocking moisture that would pene-
trate further west. The dry season is as long as five months
for the dry areas from June to October, to as short as three
months for wetter areas from August to October. The
seasonal amplitude in NDVI is greater for the sites located
in the wetter areas than for those in drier areas. There are
however, variations to these patterns from year to year as
governed by variability in rainfall amount and timing.

5. Evolution of the 1999/2000 Season

5.1. Regional Spatial Patterns

[15] Figure 4 shows the seasonal spatial evolution of
NDVI patterns from December 1999 to November 2000

Figure 2. (opposite) (a) Temporal variations in NDVI anomalies for Skukuza, South Africa (July 1981–June 2000)
plotted against ENSO index, NINO3.4 SST anomalies. There is a tendency for below (above) normal NDVI during warm
(cold) ENSO events (r = 0.31, p < 0.05). (b) Summary correlation map between monthly NINO3.4 SST and rainfall
anomalies for the period 1979–2000 illustrating the tendency for below (above) normal rainfall during El Niño (La Niña)
events over the southern Africa region.

Figure 3. Mean annual evolution of NDVI (�1000) at SAFARI sample sites averaged for all years from
1982–1999. For all the selected sites, the maximum NDVI is reached during the southern summer peak
rainfall season in January–March and the minimum during the winter (dry season) from June to October.
Sites located in the arid region (e.g., Etosha, Maun) have longer dry season compared to the rest of the sites.
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Figure 4. (a–d) Seasonal climatology NDVI maps for DJF, MAM, JJA, SON, corresponding (e–h)
seasonal averages during the 1999/2000 season and (i–l) associated anomalies expressed as percent
departures from respective climatologies.
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Figure 4. (continued)
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Figure 4. (continued)
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Figure 4. (continued)
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Figure 4. (continued)
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Figure 4. (continued)
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compared against the respective long-term means. The
upper panel shows the long-term means for December,
January, February (DJF), March, April, May (MAM), June,
July, August (JJA) and September, October, November
(SON). The middle panel shows the actual seasonal means
during this period and the lower panel shows the
corresponding seasonal anomalies. In general, there is a
remarkable difference between the seasonal means for 1999/
2000 compared to their long-term means, especially for DJF
and MAM. The 0.4 NDVI contour extended further west
and southwest during the 1999/2000 season to cover most
of Namibia and Botswana, where typical DJF-MAM value
ranges from 0.1 to 0.2. Most of the region south of 15�S had
above normal NDVI, with magnitudes of 20% over the
eastern portion of the region to in some cases �100% above
their respective long-terms means. The rest of the region
between 10�S and 15�S had near normal NDVI levels. The
above average NDVI was due to the above normal rainfall
over the region that persisted for several months beginning
in November through May [see Bell et al., 2000]. Some of
the semiarid areas in the western portion of the region
received 300mm of rainfall between December and Febru-
ary. The vegetation response to above normal moisture
levels resulted in above normal NDVI persisting over a
large portion of the region, especially in Namibia, Botswana

and northern South Africa during the dry season (JJA) into
the spring season (SON) (Figure 4 lower panel). The
magnitude and temporal persistence of positive NDVI
anomalies during this period was the highest recorded in
the entire NDVI record for the region from July 1981 to
June 2000 Anyamba et al., 2002 (see Figure 2a). The above
normal rainfall was in part due to the prevailing La Niña
conditions during the 1999–2000 period, which typically
leads to above normal rainfall over this region [Bell et al.,
2000] (see also http://www.cpc.ncep.noaa.gov/products/
expert_assessment/seasonal_djf9900/index). Since this
region shows the strongest teleconnection to ENSO over
Africa [Ropelewski and Halpert, 1996], the resulting pre-
cipitation-vegetation anomalies were not totally unexpected,
but the magnitude and temporal persistence of the positive
NDVI anomalies surpassed other La Niña events for the
NDVI time record.

5.2. Temporal Evolution Patterns

[16] The monthly NDVI values and long-term mean
values for selected SAFARI 2000 sites are shown in
Figure 5. The figure illustrates the NDVI monthly time
series from July 1999 to September 2000. With the excep-
tion of Mongu in Zambia and Nampula in northeastern
Mozambique, the monthly NDVI values for all other sites

Figure 5. Long-term monthly mean (1982–1999) values of NDVI shown by the heavy solid line and
monthly values shown by bar plots for SAFARI 2000 sites for the period July 1999–July 2000. During
the 1999/2000 season most of the sites had above normal NDVI (Etosha, Maun, Mzola, and Skukuza)
that persisted into the dry season in 2000. The other sites had near normal (Mongu) to slightly below
normal (Nampula) NDVI, showing a weak to inverse relationship to ENSO at the northern extremes of
the region.
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were persistently above their long-term mean values from
November 1999 to August 2000, with a peak during the
height of the southern summer rainfall season, December–
March. These sites are more sensitive to variability in
precipitation and thus have a higher capacity for change.
NDVI values for Mongu and Nampula were near normal to
slightly below normal during this period. This may be
because they are located in an area of weaker ENSO tele-
connections (for example Nampula) as shown in Figure 2b
or that the vegetation types over these two sites are less
sensitive to rainfall [Nicholson et al., 1990; Tucker and
Sellers, 1986; Fuller and Prince, 1996]. The above normal
and persistent rainfall resulted in an extended growing
season as shown by above normal NDVI values during
the dry season in JJA-SON 2000. The extended growing
season is a typical feature of the manifestation of cold
ENSO events over southern Africa, exemplified by the
tendency for an extension of the rainfall season [Nicholson
and Entekhabi, 1986].
[17] Recent studies from North American Long Term

Ecological Research (LTER) sites and southern Africa
affirm that the greatest interannual photosynthetic variability
occurs in grassland sites with forest areas being the least
variable [Knapp and Smith, 2001; Scanlon et al., 2002]. It
would appear that the same case might be stated for Mongu
and Nampula, which have denser tree cover than the other
sites. The grassland/shrub cover sites are more sensitive to
variability in precipitation and have a larger capacity for
change in production than the wet miombo woodland
environments. Sensitivity to precipitation variability and
hence the potential for biomass accumulation will have an
impact on the spatial distribution and amount of fuel
available for biomass burning and the type and amount of
emissions likely to occur from one year to another.

6. Comparison Between 1991/1992 and 1999/2000

6.1. NDVI Mean and Anomaly Patterns

[18] Mean NDVI seasonal patterns and anomalies for the
1991/1992 period are shown in Figure 6. Compared to the
seasonal long-term means shown in Figure 4, the 1991/
1992 growing season shows much lower NDVI levels,
especially during the peak period of the growing season
(DJF, MAM). The 0.4 NDVI contour was located further
east and north compared to its long-term position in the
center of the region. During the dry season period, JJA
and SON, the 0.1 NDVI contour was located further east
in eastern Botswana, Zimbabwe and Mozambique, from its
mean position in Namibia and western South Africa during
1991/1992. This pattern corresponds well with the accu-
mulated rainfall for 1991/1992 (Figure 7a) and contrasts
sharply with conditions during 1999/2000 (Figure 4, lower
panel, Figure 7b). The anomaly patterns in 1991/1992 show
below normal NDVI conditions developing over the east-
central sector of the region during DJF (Figure 6). By
MAM, the entire region below 15�S was dominated by
below normal NDVI. In particular, the area located between
20�S and 25�S experienced NDVI departures of �40%–
60% below normal (rainfall <400 mm from July 1991–
September 1992, Figure 7a). This pattern of below normal
NDVI persists over the eastern side of the region during
JJA and SON, reaching up to 80% below normal of

NDVI during SON 1992 over a large area of Mozambique,
eastern South Africa and Zimbabwe. The low rainfall in
1992 resulted in the worst drought over the region in the
last 20 years. This drought, like previous droughts of
1982/1983, 1986/1987 and 1994/1995 were associated
with the occurrence of a warm ENSO event, which
resulted in a large rainfall deficit over most of the region.
A comparison of average rainfall for the period July–
September between 1991 to 1992 and 1999 to 2000 shows
that most of the region received <400 mm of rainfall
during the fourteen-month period in 1991/1992 compared
to between 500–1200 mm during the 1999/2000 period
(Figure 7).
[19] Comparisons of the monthly evolution of NDVI and

rainfall at the study sites for these two time periods are
shown in Figure 8. Etosha, Maun, Mzola and Skukuza
consistently show that the 1991/1992 period had lower
NDVI values than the 1999/2000 period, with the greatest
difference being during the middle of the growing season
(DJF). These sites received significantly lower rainfall in
1991/1992 compared to 1999/2000 (Figure 8 rainfall plots).
On the other hand, Mongu and Nampula show quite similar
evolution pattern with negligible differences in NDVI levels
and rainfall amounts between the two periods. NDVI values
for December–April 1991/1992 are only slightly lower for
Mongu as compared to the same period in 1999/2000.
Nampula shows the reverse pattern, with NDVI being
slightly higher during 1991/1992 compared to 1999/2000
during the February–May period. The higher NDVI can be
attributed to higher rainfall in the area around Nampula
during the 1991/1992 period (Figures 7b and 8). It is
apparent here that there are more marked differences in
NDVI from warm to cold ENSO conditions for the dry
grassland/shrubland sites located in the core area of ENSO
response than for the wet miombo woodland sites or sites
located at the boundary of the ENSO teleconnections to
East-central Africa, such as Nampula.

6.2. NDVI-ENSO Relationships: 1991/1992 and
1999/2000

[20] Comparisons between NDVI anomalies for the sam-
ple sites and NINO3.4 SST index for the two times are
shown in Figure 9. These plots show a predominant inverse
relationship between NDVI/SST departures from warm
ENSO conditions in 1991/1992 to cold conditions in
1999/2000. The relationship is more pronounced for the
grassland/shrubland areas located within the core area of
ENSO teleconnections within the region (see Figure 2b).
Etosha (a), Maun (b) Mzola (c) and Skukuza (d) show a
distinct inverse relationship to NINO3.4 SST, particularly
during the mature phase of the warm ENSO event during
January–March 1992. The temporal evolution of the
anomalies shows a phase change in the middle of the warm
event period. During the spring and early summer periods
(September–November) Etosha, Maun, Mzola and to a
small extent Skukuza, all have positive NDVI anomalies.
During the mature phase of the event from December to
May, there is pronounced change to negative anomalies
(drought).
[21] This phase change is a known feature of the influ-

ence of the Southern Oscillation on rainfall variability in the
region [Nicholson and Entekhabi, 1986]. It has been noted
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Figure 6. (a–d) Seasonal mean NDVI maps during the 1991/1992 season and (e–h) the corresponding
anomalies expressed as percent departures from respective long-term means.
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Figure 6. (continued)
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Figure 6. (continued)
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Figure 6. (continued)
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Figure 7. Accumulated rainfall for (a) July 1991–September 1992 and (b) July 1999–September 2000.
During the 1991–1992, period drought conditions prevailed with most areas of the region receiving less
than 400 mm of rainfall. This is contrast to the 1999–2000 period with most areas receiving between 500
and 1200 mm.
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that during the early phase of a developing warm event
there is a tendency for above normal precipitation, which
shifts to below normal precipitation during the mature
phase. It is apparent here that the vegetation pattern
maintains this memory of the temporal evolution of
rainfall during the warm event in 1991/1992. The other
sites (Mongu and Nampula) do not show such a pattern,
indicating a weak response of vegetation at these sites to
this ENSO warm event. During the cold event in 1999/
2000, all the sites except Nampula show positive anoma-
lies in NDVI (inversely related NINO3.4 SST index).
Maximum positive NDVI anomalies occurred during the
mature phase of the cold event (December–March). The
positive anomalies propagated into May–July, but declined
as the SST increased. In general, while there may be a
lagged vegetation response to ENSO forced rainfall varia-
bility over the region [Nicholson et al., 1990; Ricard and
Poccard, 1998], the evolution of the vegetation patterns
shown strongly illustrates the inverse relationship between
ENSO and interannual vegetation variability, especially for
those areas located in the core area of ENSO teleconnec-
tions. This variability in SST, rainfall and photosynthetic
activity is bound to influence aggregate regional biomass

production and hence the amount of fuel available for
burning.

7. A Comparison of Fire Occurrence in 1992
and 2000

[22] Active fires can be detected using the 3.9 mm channel
of the NOAA AVHRR [Giglio et al., 1999]. Daily AVHRR
1 km data from May to October were used to derive active
fire distributions for the 2000 dry season (Figure 10a). The
distribution of fires as detected by the AVHRR extends
across the entire southern Africa region, with high concen-
trations in Angola, Zambia, southern Democratic Republic
of Congo, western Tanzania and central Mozambique. Fires
were also detected in Zimbabwe, Botswana, northeast
Namibia and eastern South Africa. The fires occur in the
miombo woodlands, savannas and grasslands and are a
combination of fires set for land management and wildland
fires [Frost, 1998]. In the work of Kendall et al. [1997], the
same fire detection approach was applied to AVHRR 1 km
data during the SAFARI 1992 burning season. The distri-
bution of fires for 2000 exhibits rather different character-
istics from those shown in 1992 (Figure 10b). During 2000,

Figure 8. Comparison of temporal evolution of monthly NDVI and rainfall values for 1991/1992
(dotted lines) and 1999/2000 (thick lines) seasons. All sites except Mongu and Nampula, recorded
significantly lower NDVI values during the 1991/1992 period (low rainfall, ENSO warm phase)
compared to 1999/2000 (high rainfall, ENSO cold phase).
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there were considerably more fires over the southern part of
the region, particularly in Namibia, Botswana, Mozambique
and South Africa. Large differences can be seen in southern
Mozambique. These differences closely match the differ-
ences in the rainfall data for the two years (Figures 7 and 8)
and the NDVI anomalies shown in Figures 4 and 6. Above

normal rainfall during the 1999/2000 resulted in an increase
in vegetation biomass production, extending further south
into the semiarid parts of the region. This provided abun-
dant fuel for burning during the dry season. The drought in
1992 resulted in diminished vegetation production, and
insufficient fuel to burn in the drier parts of Namibia,

Figure 9. Time series of NDVI anomalies for selected SAFARI 2000 validation sites plotted against and
NINO3.4 SST anomalies during ENSO events in 1991/1992 (warm) and 1990/2000 (cold).
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Figure 10. Spatial distribution of accumulated fire counts over southern Africa during the period
(a) May–October for 2000 and (b) May to October 1992 [after Kendall et al., 1997]. The spatial extent of
fires increased southward during the 2000 dry season following above normal rainfall and NDVI
compared to the 1992 period when drought prevailed over the region.
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Botswana, southern Zimbabwe and southern Mozambique.
This comparison shows greater differences than were pre-
sented for the 1989 and 1992 fire seasons, particularly in
southern Mozambique and southern Zimbabwe and Nami-
bia [see Kendall et al., 1997].
[23] The temporal evolution of monthly fire counts,

NDVI and rainfall from October 1999 to October 2000
are shown for the 100 km square area centered on the six
study areas used previously (Figure 11). All sites show an
inverse relationship between the seasonality of NDVI and
that of the fire counts. In general, the senescent phase of
vegetation marks the beginning of the fire season, with
maximum in NDVI roughly corresponding to the minima in
fire occurrence and vice versa. The plot for Etosha shows
the vegetation index rapidly increasing from December and
peaking in January–March following the rains and fire
counts starting in June, peaking in August, and then
decreasing to October. Maun shows a small increase in fire
counts in January, similar to Etosha but with the major
increase in fires starting later in August and still increasing
by October. The Mzola site shows a steady decrease in fire
counts from October to December 1999 with the 2000 fire
season starting in August, peaking in July and still increas-
ing in October. Although this particular fire data set ends in
October, anecdotal accounts of the 2000 fire season indi-
cated a continuation of the burning season through to
December in some parts of the region. The plot for Skukuza
shows a start to the burning season in June with a peak in
August, though even by October the number of fire counts

is still close to the peak. It is significant to note that,
Skukuza which received the highest amount of rainfall in
February 2000 (�400 mm), recorded the largest number of
fires at peak burning period in September 2000 (�580 fires)
The plot for Mongu shows a peak NDVI in March–April,
the start of the burning season in June and with the peak in
fire activity in September. The Nampula site shows a large
number of fires burning October–December 1999 fire
season and starting six months later in June to peak in
September 2000, when the highest numbers of fires are
detected. The vegetation index starts to decline in May,
which is later than for the other sites. These plots show that
the burning season started at least halfway through the
senescent phase of the NDVI curve after the end of the
rain season, when the vegetation was dry enough to burn.
Three of the sites (Etosha, Skukuza and Maun) all indicate a
secondary fire count peak in January 2000, which is likely
the result of burning of biomass accumulated during the
early phase of the growing season following the rains in late
1999. This would suggest that the slight drop in NDVI in
January 2000 at these three sites is likely related to fire
activity. In all these instances, this secondary peak in fires
follows the peak in rainfall and a secondary peak in NDVI.

8. Conclusions

[24] In this paper, we have shown that the southern Africa
region exhibits high interannual variability in vegetation
amount and distribution. At the short timescale, variations

Figure 11. Temporal evolution of rainfall (mm), NDVI (�1000) (left axis) and fire activity counts (right
axis) at selected SAFARI 2000 validation sites from June 1999 to October 2000.
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in NDVI are associated with extreme interannual variability
in rainfall associated in part with ENSO phenomena. El
Niño and La Niña events in the region frequently result in
extreme rainfall departures, with a resultant impact on
vegetation state and amount and the associated vegetation
index patterns. In general, the variability in NDVI is on the
order of ±40% between ENSO cold and warm phases.
During the 2000 growing season, above normal rainfall
over the region south of 15�S resulted in NDVI levels
between 10 to 90% above normal, with the largest positive
departures over the western part of the region, which is
predominantly semiarid. The magnitude of positive NDVI
departures during this period not only surpassed the depar-
tures during the last strong ENSO cold episode in 1988/
1989 but also the historical NDVI record since 1981. Above
normal rainfall resulted in an extended growing season and
a persistence of high NDVI conditions into the dry season
(June–August). While in general the abundant rainfall was
in part associated with the tropical wide, changes related to
ENSO, to a large extent this was amplified by above normal
SST in the southwestern Indian Ocean and the southern
Atlantic Ocean surrounding southern Africa [Bell et al.,
2000; Anyamba et al., 2002]. SSTs were above normal by
approximately +1.5�C. The above normal SSTs in the
southwestern Indian Ocean coupled with strong easterly
winds enhanced the monsoon circulation over the region,
resulting in anomalous above normal rainfall and above
normal NDVI [Anyamba et al., 2002]. The greatest increase
in vegetation was predominantly in the semiarid grassland-
shrubland western half of the region, which is most sensi-
tive to precipitation variations.
[25] The vegetation anomaly patterns in 2000 contrasted

sharply with conditions during the 1992 field campaign,
when drought spread throughout the region. In 1992, the
NDVI was 30–40% below normal for most of the region
especially during the height of the growing season (Janu-
ary–March). The pattern of vegetation production and the
vegetation moisture content determine the extent and dis-
tribution of fire and the number of fires in the region as a
whole. In 1992, the fires were limited to the wetter northern
half of the region, where miombo woodlands are dominant
and the wetter areas of eastern South Africa, which provide
enough fuel for burning even in this extremely dry year. The
spatial extent of the fires expands during wet years. As
illustrated here, during the 2000 campaign, fires occurred in
the more semiarid parts in western South Africa, large areas
of Botswana and Namibia dominated by savanna grassland
and shrublands. Abundant and widespread rainfall resulted
in an increase in the vegetation biomass providing enough
fuel for fires throughout the dry season and into the
beginning of the 2000/2001 growing season. Spatially,
interannual variability in rainfall and hence vegetation
abundance results in different geographies of fire distribu-
tion, with wetter years (1988/1989, 1999/2000) resulting in
more widespread fires over the southern part of the region
and dry years (1991/1992) resulting in fires limited to the
northern half of the region.
[26] We can infer from these results that although there is

a regional atmospheric gyre, which circulates the emissions
products around the region [van Wilgen et al., 1997], it is
likely that airborne emissions measurements in the southern
part of the region are likely to be different between 1992

and 2000. Comparison of the airborne measurements
between the two campaigns as they relate to differences
in fire timing and distribution will provide a better under-
standing of regional fire emissions. To improve our under-
standing of internannual variability of fires in relation to
vegetation dynamics over the region, it would be useful to
reprocess a continuous and consistent time series of 1 km-
satellite fire measurements over the region. The 1 km
record of AVHRR data collected by the South African
ground receiving station in Hartebeesthoek dates from 1985
to the present. In addition, the improved active fire data sets
and burned area products from new moderate instruments
such as MODIS, should be used to explore the interannual
variability of fire and the relationship to vegetation pro-
duction and associated emissions [Justice et al., 2002].
Given the apparent strong relationships between precipita-
tion, vegetation production and fire distribution and extent,
regional seasonal climate forecasts now carried out by the
International Research Institute for Climate Prediction (IRI)
[Mason et al., 1999] could lead to improved projection of
vegetation biomass conditions during the burning season,
the distribution and extent of fires and the aerosol distri-
bution over the region.
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